Introduction
Liquid-liquid extraction (solvent extraction) is important in analytical chemistry for collecting a target component in aqueous solutions. Such extraction has moved into the limelight in recent years with the recovery and recycling of rare metals from industrial wastewaters and processing solutions. [1] [2] [3] [4] [5] The authors introduced an "emulsion flow" extractor of single current type as a low-cost and simple tool for continuous and efficient liquid-liquid extraction in a previous report. 6 In this apparatus, an aqueous phase is contacted with an organic phase by generating micrometer-sized droplets of the aqueous phase in the organic phase. The mixing efficiency of the emulsion flow extractor was found to be comparable with that of the most popular liquid-liquid extraction apparatus, a mixer-settler having an impeller for mixing. [7] [8] [9] [10] [11] [12] [13] Moreover, the phase-separating ability of the emulsion flow extractor was far superior to that of the mixer-settlers, like a centrifugal extractor utilizing centrifugal force for the phase separation. [14] [15] [16] [17] The flow of emulsified state fluid called "emulsion flow", from which the name of the apparatus is taken, is generated in an upper cylindrical part (column part); it disappears promptly to separate into the two liquid phases in a lower box-like part (phase-separating part) based on a drastic change in the vertical linear velocity of the emulsion flow, without waiting for gravitational settling.
The newly-developed apparatus is a simple, compact, efficient and low-cost tool in chemical analysis, e.g., for the extraction of a target component from an aqueous solution to preconcentrate it to an amount measurable with a common analytical instrument. However, the single current emulsion flow extractor has a fatal defect for practical use, as was previously pointed out. 6 A head put in the column part has a number of holes from which micrometer-sized droplets of an aqueous solution are spouted. When the aqueous phase contains some particulate components, the holes are easily plugged and the apparatus becomes inoperative. In the present study, an emulsion flow extractor of new type that has a mechanism to trap such particulate components within the apparatus is introduced. Figure 1 shows a phenomenon of trapping particulate Fe2O3 on a liquid-liquid interfacial surface as an example of the mechanism that is applied to the new emulsion flow extractor; fine particles of Fe2O3, whose red-color is easily viewable even when their amount in the liquid-liquid system is very small, are typical materials suspended in a wastewater or processing solution in industry or in an environmental water. By shaking an aqueous solution with a lot of suspended particulate Fe2O3 together with kerosene, the particles are efficiently trapped on the interfacial surface between the two liquid phases and never distributed to the organic phase. We have succeeded in developing a new-type emulsion flow extractor to prevent the head holes from being plugged by utilizing such a particle-trapping mechanism.
Experimental
Apparatus Figure 2 shows the outline of a counter current-type emulsion flow extractor where a head having micrometer-sized holes to spray an organic phase is opposed to a head having millimeter-sized or larger holes from which an aqueous phase flows. The emulsion flow extractor consists of a column part at the center of the apparatus and two phase-separating parts at upper and lower sides of the column part. The flow of the small oil droplets in water (oil-in-water emulsion) is generated and spread toward the upper and lower sides of the column part. The vertical linear velocity of the emulsion flow reaching the upper and lower phase separating parts is suddenly slowed down by a drastic increase in cross-section area of the emulsion flow passing through from the column part to the phase separating parts. Thereby, the emulsion disappears promptly to separate into the two liquids with the droplets colliding with each other due to the sudden decrease in the vertical linear velocity of the emulsion flow.
An originally fabricated desktop apparatus was used for the † To whom correspondence should be addressed. A single current "emulsion flow" liquid-liquid extraction apparatus has a head with a number of holes from which micrometer-sized droplets of an aqueous phase spout into an organic phase to mix the two liquid phases. For practical use, however, a fatal problem can occur when particulate components in the aqueous phase plug the holes. In the present study, we have succeeded in solving the problem by applying a counter current-type emulsion flow extractor where micrometer-sized droplets of the organic phase are generated. Notes liquid-liquid extraction experiment described below. The column part of the desktop apparatus was a cylinder where two heads opposed to each other (upper and lower heads) were located. The upper head, used to send an aqueous phase suspended with particulate components, was a hollow cylinder with its one end closed, 15 mm in diameter and 50 mm in height, which was provided with 6 holes of 4.8 mm diameter each on the side wall of the cylinder. The lower head to send an organic phase, to which no particulate components should be distributed, was a sintered glass plate having pores of 40 μm bounded onto one end of a hollow cylinder. The upper and lower phase separating parts were box-like vessels having diameters larger than the diameter of the column part. The upper-phase separating part was coupled to the upper side of the column part without a partition wall between the two parts. The organic phase coalescing out from an emulsion was collected into the upper-phase separating part as its reservoir. The lower-phase separating part was coupled to the lower side of the column part, having no partition between the two parts, to collect the aqueous phase coalescing out from the emulsion and then to drain. The total volume inside the desktop apparatus was about 9.0 L.
Liquid-liquid extraction experiments
The extraction of 6 × 10 -6 M ytterbium(III) from a suspended solution into isooctane containing 0.01 M bis(2-ethylhexyl) phosphoric acid (D2EHPA) as an extractant was performed by using the desktop apparatus described above. An aqueous HNO3 solution of pH 2 containing particulate Al2O3, which is also a typical suspended material in a wastewater sample or an environmental water sample like particulate Fe2O3, was chosen as an example of the suspended solution; the Al2O3 particles used in this experiment have diameters of 20 -25 μm. The aqueous phase of the processing target containing the Al2O3 particles of 0.2 g L -1 , which is sufficient for making a white cloudy suspending solution, was continuously introduced into the column part through the upper head with the feed rate of 4.0 L min -1 . The total volume of the aqueous phase processed with the apparatus in a single experiment was 200 L. The organic phase of 2 L was set in the column part and continuously circulated from the top of the upper-phase separating part to the bottom of the column part through the lower head with the feed rate of 0.50 L min -1 . A portion of the aqueous phase drained after the treatment was sampled every 25 L. The concentration of Yb(III) in the drainage was measured by inductively-coupled plasma mass spectrometry (ICP-MS, Hewlett Packard HP4500) and the extractability of Yb(III) was obtained. 
Results and Discussion
A new emulsion flow extractor of counter current type, as described in Fig. 2 , has been developed and tested. The results are as follows. This apparatus reached a condition of steady operation in a few minutes after the start of solution sending. Then, the feed speeds of the aqueous and organic phases were kept constant during the extraction experiment from start to finish without trouble. When the apparatus was in operation, the Al2O3 particles were confined in an emulsion occurring inside the column part, while in the upper-and lower phase-separating parts where the emulsion disappears, no Al2O3 particles were found. After the experiment, a large amount of the Al2O3 particles adhered to the sidewalls of the column part.
The lower head was detached from the apparatus and weighed. The weight of the head was the same before and after the experiment. Also, the head was washed in an ultrasonic bath during 1 h to remove the Al2O3 particles; but consequently, no particles were found. From these results, it was concluded that no clogging occurred in the lower head. Concerning the upper head, no particles were found around the holes of 4.8 mm diameter. Figure 3A shows the extractability of Yb(III) obtained by measuring the Yb(III) concentration in the drainage sampled every 25 L as a function of the feed volume of the aqueous phase processed with the counter current-type extractor. About 99% extractability in average was constantly obtained throughout the experiment, in spite of the existence of a large amount of Al2O3 particles in the target solution. This fact also supports the conclusion that no clogging occurs in the heads. Consequently, almost all of Yb(III) in the aqueous phase, whose total volume processed with the counter current extractor was 200 L, was concentrated into the organic phase of 2 L set in the apparatus. In other words, the concentration of Yb(III) in the organic phase was about 100 times larger than that initially contained in the aqueous phase, i.e., the concentration factor is about 100.
The data obtained by using a single current emulsion flow extractor previously reported were also indicated and compared (see Fig. 3B ). The conditions of aqueous and organic phases in the previous report were the same as those in the present study except that the aqueous phase contained no particulate components; in the case of the single current-type extractor, head holes were easily plugged by the Al2O3 particles of 20 -25 μm diameters in suspension. 6 As can be seen from Fig. 3 , the extractability obtained with the newly-developed counter current emulsion flow extractor is always higher than that obtained with the single current extractor about 90% in average; there is a major difference between 90 and 99% in the extractability, i.e., equivalent to 9 and 99 in the distribution ratio, respectively. Thus, also in the extraction performance, the new-type emulsion flow extractor was found to be far superior to the previous one. The counter current system seems to improve the two liquid-phase mixing, making it much more efficient than the single current process.
